Abstract
INTRODUCTION
A lzheimer's disease (AD) is a progressive neurodegenerative disease that is characterized by memory loss and cognitive deficits in elderly people, commonly older than 65 years of age. This condition is pathologically characterized by amyloid beta (Aβ) plaque deposits and/or neurofibrillary tangles in the brain [1] [2] . As a processed product of amyloid precursor protein (APP), Aβ deposits are believed to be neurotoxic to nearby cells and to stimulate an inflammation reaction in vivo [3] [4] [5] . Currently, understanding the impact of Aβ deposits in the eye has been one of the most researched topics in Alzheimer's study. Recently, a significant body of works has appeared investigating Aβ deposition and Aβ-related retinal degenerative changes in the retinas of AD transgenic mice models [6] [7] , and Aβ plaque deposition has been detected in the retinas of these different AD transgenic mice models [8] [9] .
According to these studies, Aβ deposition causes both functional and structural retinal abnormalities; however, little is known regarding Aβ depositions and Aβ-related pathological degeneration in the retinal pigment epithelium cells (RPE) layer in these AD transgenic mouse models.
Age-related macular degeneration (AMD) is a degenerative retinal disease that causes irreversible vision loss in the elderly, and the RPE cell monolayer is observed to play a critical role in this disease [10] [11] . Aβ peptides have been found in RPE cells and drusen in AMD patients [12] [13] [14] . At the same time, Bruban et al [15] reported that subretinal Aβ injection causes RPE cell alterations and dysfunctions that lead to retinal degeneration in mice [16] . Furthermore, Yoshida et al [17] had suggested that
Aβ might be responsible for the pathogenesis of AMD by causing RPE degeneration. Although some mechanisms have been suggested for RPE degeneration due to Aβ deposition, including inflammatory events [18] [19] and Aβ cellular toxicity, the definite pathogenesis of Aβ in relation to RPE degeneration in the retina has yet to be elucidated.
As well known, Aβ deposition could activate microglia cells in the brain, and activated microglia cells might attempt to clear Aβ at the possible expense of an inflammatory overreaction [20] . Recently, the accumulation of activated microglia cells in the subretinal space was suggested to be associated with structural and functional changes in the RPE [21] [22] . In retinas of AD transgenic mouse models, it remains unclear as to whether microglia cells are involved in Aβ deposition-induced RPE degeneration in vivo. By using APPswePS1 transgenic mice, which is an established double transgenic AD mouse model with a Swedish APP mutations (APPswe) and a mutant human Presenilin1 (PS1), we sought to further elucidate the mechanism of Aβ depositionassociated RPE degeneration. In this study, we characterized the expression of APP and Aβ deposits in addition to microglia cell activation in the RPE layer of APPswePS1 transgenic mice.
MATERIALS AND METHODS

Animal Treatment
The APPswePSEN1dE9 transgenic (APP/PS1) mice and non-transgenic littermates (NTG) were obtained from Jackson Laboratory, Bar Harbor, ME, USA [23] . For this study, 24 APP/PS1 and NTG mice (12 of each kind) were used, and these mice were at least 20 months old. All of the mice that were used in our experiments were tested and verified not to have the retinal degeneration 1 mutation (Pde6b rd1+ ) [24] [25] . Before the experiments, the mice were housed in a 12-hour light/12-hour dark cycle with food and water ad libitum. All animal procedures were conducted in accordance with the guidelines established by the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and with Institutional Animal Care and Use Committee (IACUC) protocols. Experimental protocols were also approved by the animal ethics committee of the 2 nd Affiliated Hospital & Yuying Children's Hospital of Wenzhou Medical University. Histopathology Tissue histology was performed as described before [9, 22] . Each mouse was deeply anesthetized with an overdose of 4.3% chloral hydrate (0.1 mL/g) and was transcardially perfused with 30 mL of ice-cold 0.1 mol/L phosphate-buffered saline (PBS), pH 7.4. The eyes of each mouse were enucleated and fixed in 4% paraformaldehyde (PFA) in PBS (pH 7.4) overnight at room temperature (RT). The eyes were dehydrated in a series of isopropanol concentration (70%, 90% and 100%), and subsequently embedded in paraffin. Next, the eyes were subjected to histopathology. The eyes were serially sectioned through the pupillary-optic nerve to a 4-μm thickness, and the sections were either stained with hematoxylin and eosin (H&E; Sigma, St. Louis, MO, USA) or were further prepared for immunochemistry analysis. These sections were examined via light microscopy in which images were collected from areas that were approximately 300-500 μm away from the optic nerve.
Immunocytochemistry As described in previous study [9] , for the immunohistochemical analysis, the sections were deparaffinizated, rehydrated and incubated with 70% formic acid in 0.1 mol/L PBS for 5min at RT for epitope antigen retrieval. After being rinsed with PBS 3 times, the sections were then treated with 3% H 2 O 2 for 20min at RT to eliminate endogenous peroxidase activity. In order to block nonspecific immunoreactivity, the sections were blocked with 5% goat serum in PBS that contained 0.1% Triton X-100 and 20 mmol/L L-lysine for 60min at RT. The sections were then incubated with the primary antibody which was diluted with a primary antibody dilution (Boster, Wuhan, China) at 37℃ for 1h. The mouse anti-Alzheimer precursor protein A4 monoclonal antibody (APP) from Chemicon was reacted with 22C11 (1:100). After being rinsed 3 times with PBS for 5min, the sections were additionally incubated with biotinylated goat anti-mouse second antibody (1:1000; Vector Laboratories, Burlingame, CA, USA) for 1h and were consequently incubated with an avidin-biotin-peroxidase complex for 30min (1:100; Vector Laboratories). Washed with PBS, the sections were treated with AEC (Vector AEC substrate kit; Vector Laboratories) according to the manufacturer's instructions and were counterstained with hematoxylin. The intensity of the APP was calculated using Image Pro-Plus5 software (Media Cybernetics Incorporation, USA) in which data were obtained from 3 unconnected corresponding sections through the optic nerve in each mouse in each group. These observations were conducted by observer blinded to the sample information.
Immunofluorescence As described by previous work [15, 26] , for the RPE/choroid flat mounts, the enucleated eyes were sectioned at the equator, and the anterior half, including the lens and vitreous, was discarded. The retinas were carefully peeled from the eyecup under a biomicroscope. The posterior eye segment that contained the RPE/choroid complex was dissected into quarters by eight radial cuts. For the RPE flat mount preparation, eyes were fixed in 4% PFA for 15 to 30min at RT (for Aβ detection, the flat mounts were treated with 70% formic acid for 5min and were washed with PBS 3 times at RT). The RPE/choroid flat mounts were incubated in PBS/bovine serum albumin (BSA) 4%, permeabilized in 0.1% Triton X-100 for 30min and stained with selective primary antibodies in a primary antibody dilution (Boster, Wuhan, China) overnight at 4℃. The antibodies were mouse anti-APP (1:100; Chemicon, USA), mouse monoclonal antiZonula occludens-1 (ZO-1; 1:100; Zymed, USA), mouse anti-Aβ monoclonal antibody (1:100; 6E10, Covance, USA), as well as the rabbit polyclonal antibody CP290A for ionized calcium binding adaptor molecule-1(IBA-1; 1:100; Biacare, Concord, CA, USA). After washing with PBS for 30min, the flat mounts were incubated with a second antibody goat antimouse Cy3 or FITC-conjugated IgG (1:100; PTG, China) or a goat anti-rabbit Cy3-conjugated IgG (1:100; PTG, China) along with 4'-6-diamidino-2-phenylindole (DAPI). Next, the flat mounts were mounted and examined under a Zeiss LSM510 laser confocal microscope. For the Aβ-and IBA-1-positive cell quantifications, we randomly selected 4 fixed areas (0.05 mm 2 ) of the flat mounts (n=6-8 in each group) and imaged these areas at a magnification of 400× approximately 400-500 μm away from the optic disc. Next, an observer who was blinded to the group information measured the Aβ plaque immunoreaction intensity using Image Pro Plus5 software in which the observer counted all of the observable IBApositive cells with dendrite-like morphologies on the RPE layer and beneath the RPE/Bruch's membrane (BrM) interface complex. For morphometric analysis, the perimeters of 400 cells (five different images) obtained from each eye were manually traced in Image Pro Plus5 software in which areas, perimeters, the shape factors [4πA/P 2 (A=area, P=perimeter)] approaching 1 corresponded to a more circular/regular cell, for the ideal hexagonal cell shape (hexagon shape factor, HSF; P 2 / A-13.856, A=area, P=perimeter), the value is zero for hexagon and higher value for increased pleomorphism [27] , and the cellular degree of elongation (DE) [(Diameter max -Diameter min )/ (Diameter max +Diameter min )] were calculated as previously described [28] [29] . Transmission Electron Microscopy For the ultrastructural examination, as previously reported [22, 30] . Eyes were fixed in 2.5% glutaraldehyde and 1% PFA in 0.1 mol/L sodium cacodylate-HCl (pH 7.4) for at least 24h at 4℃, the eyes were dissected at the level of the limbus, the posterior eyeballs were post-fixed in 1% osmium tetroxide in 0.1 mol/L cacodylate buffer-HCl (pH 7.4) for 4h and the eyes were subsequently dehydrated in increasing concentrations of ethanol (50%, 75%, 95% and 100%) and were infiltrated overnight with a 1:1 propylene oxide mixture. Ultrathin (70-nm thick) sections were fabricated in the samples approximately 0.5 mm away from the optic nerve via a Leica Ultracut S microtome (Reichert Ultracut E, Leica). After ultrathin sections were contrasted with uranyl acetate and lead citrate, the samples were observed under an electron microscope (model 100 CX II, JEOL, Tokyo, Japan) at 80 kV, and the images were captured by an observer blinded to the sample information. Micrographs of 6 eyes from each group were taken from each ultrathin section at various locations, recorded, and they were analyzed to determine the BrM thickness for each eye. Statistical Analysis In all of the graphs that include error bars, the data were represented as means±SEM from all individuals in each group of animals (n=6-8). The APP/PS1 and NTG groups were compared using Student's t-test in SPSS 19 software. A value of P≤0.05 was considered to be statistically significant.
RESULTS
Accumulation of APP Expression and Aβ Deposition in the RPE Layers of Aged APP/PS1
Mice Previous studies [8] [9] have observed Aβ deposition in the retinal ganglion cell (RGC), inner plexiform layer (IPL), outer nuclear layer (ONL), and sclera layer. However, few researchers have reported Aβ deposition in the RPE cell layer in AD transgenic mice. In order to investigate APP expression and its processed product (Aβ) distribution, we first evaluated the immunoreactivity of APP protein following the reaction of an APP-specific antibody with 22C11 in RPE sections. Consistent with the results of a previously published study [31] , APP immunoreactivity was predominantly detected via a diffuse pattern in the cytoplasm of RPE cells obtained from APP/PS1 mice both in fluorescein test ( Figure 1A ) and immunocytochemistry examination ( Figure 1C ). In contrast, a low level of background APP staining was observed in RPE obtained from NTG mice ( Figure 1B, 1D ). APP expression quantification revealed 2.342±0.189 fold changes in APP/PS1 mice in comparison to the NTG group ( Figure 1E ; P<0.001). An identical trend of APP expression is confirmed by fluorescein test. Furthermore, examination of the Aβ immunoreactivity on the RPE flat mounts that were obtained from APP/PS1 mice, which were labeled with an Aβ-specific antibody, 6E10, revealed a remarkable accumulation of Aβ deposits exhibiting a senile plaque-like pattern, as has already been reported in mouse eyes ( Figure 1F ) [8] [9] ; however, RPE flat mounts that were obtained from NTG mice exhibited almost no detectable reactivity with this Aβ antibody ( Figure 1G ). More importantly, to ensure that the Aβ deposition was not caused by a nonspecific reaction of a second antibody, we performed an immunostaining with another monoclonal antibody, BAM01 (Neomarker, Fremont, CA, USA), which demonstrated a staining pattern that was similar to that achieved with 6E10 (data not shown). Quantification of the Aβ immunoreactivity on the RPE flat mounts indicated a significant robust Aβ deposition in the RPE layers of aged APP/PS1 mice ( Figure 1H ), however, we did not further confirm this tendency with Western blotting in APP/ PS1 mice.
RPE Degeneration in Aged APP/PS1
Mice Some reports [8, [32] [33] have established that Aβ peptides or depositions could cause the observed retinal degeneration, and because we detected Aβ deposition in the RPE layers of APP/PS1 mice, we further examined RPE structural changes in APP/PS1 mice. The H&E-stained retinal/RPE sections were histopathologically investigated via light microscopy and demonstrated almost normal structure in retinal section but with a significant number of vacuoles in the RPE layer (Figure 2A ). In contrast, no such change was detected in the RPE layer from NTG mice ( Figure  2B ). These data suggested a possibility in structural change of the RPE layer. In order to confirm these results, we further examined the RPE/BrM interface using transmission electron microscopy (TEM). Aside from vacuoles that contained membranous material indicated with vacuoles, we identified other degenerative changes in the RPE of APP/PS1 mice, including shortened basal infoldings and basal deposits with electron-dense material above the BrM ( Figure 2C ). In contrast, the NTG mice displayed a regular RPE/BrM organization without these changes ( Figure 2D ). ZO-1 is a membrane adherence junctional protein that help maintaining the barrier junctional integrity of the blood-retinal barrier [34] . ZO-1 could serve as a RPE functional and structural indicator [15, 28] . Therefore, we investigated RPE damage in APP/ PS1 mice by immunostaining RPE flat mounts with ZO-1 antibody. In these mounts, the RPE cell exhibited an irregular shape with a loss of its typical cobblestone-like morphology ( Figure 2F ). To quantify these changes in RPE cells, the RPE cell size, integrity, and regular shape factor were calculated using Image Pro Plus5 software, and the flat-mount images obtained from all of the groups were manually plotted for calculating the perimeter/area/diameter of each RPE cell ( Figure 2G ), similarly to that reported by Ding et al [27] . In the NTG mice, the RPE cell exhibited a regular and well organized structure ( Figure 2E ). By contrast, the RPE cells displayed a smaller cell size, as indicated by a reduced area in APP/PS1 mice ( Figure 2H ; P=0.0795). The disorganized morphology of RPE cell in APP/PS1 mice was confirmed by specific parameters, such as becoming longer with a significant increase in elongation degree ( Figure 2I ; P<0.0001), losing hexagon shape with an increase value in hexagon shape factor ( Figure 2J ; P<0.0001) and becoming irregular with a significant decrease value in the shape factor ( Figure 2K ; P=0.00216). All of these parameters suggest that the RPE cell becomes much more irregularly shaped in APP/PS1 mice. At the same time, we also found that the presence of ZO-1 was [8] . In order to evaluate glial activity in response to Aβ deposition in the RPE, we examined the expression of IBA-1, which is a microglia cell marker, and performed a quantitative analysis in APP/PS1 mice. Figure 3 depicts representative microphotographs of IBA-1 immunoreactivity on RPE flat mounts. Using fluorescent microscopy, a similar pattern of IBA-1 immunoreactivity was detected on RPE flat mounts that were obtained from both NTG and APP/PS1 mice; however, the IBA-1-positive cells in APP/PS1 mice displayed a considerably more "dendriticlike" appearance in comparison to those observed in NTG mice ( Figure 3A, 3B ). In addition, there was a slight increase in the number of IBA-1-positive cells on the RPE flat mounts in the APP/PS1 group relative to the NTG group, but this Figure 2 The RPE morphological degeneration in aged APP/PS1 mice Histological H&E-stained sections of the RPE layer revealed a large number of vacuoles in APP/PS1 mice (A, arrow head), and no changes in the NTG mice (B), while a higher magnification showed from the rectangle in A, B. Transmission electron microscopy images revealed degeneration changes in APP/PS1 mice (C), including vacuoles (V), shortened basal infoldings (arrow) and basal deposits (black dotted line), while no such change in NTG mice (D). The immunofluorescence staining of ZO-1 on RPE flat mounts exhibited a regular, well-organized structure in NTG mice (E), whereas an irregular disorganization was observed in APP/PS1 mice (F) (E 1-2 , F 1-2 ). Separate channels for DAPI and ZO-1. As a higher magnification of E in a sampled rectangle, G was segmented to highlight the method for evaluating the RPE cells morphology change in Image Pro Plus5 software. In a morphometric analysis, the resultant histograms demonstrated a decrease in cell area (H, P=0.0795), an increase value in degree of elongation (I), an increase value in hexagon shape factor (J), and a reduce value in shape factor (K) in APP/PS1 mice with. finding was not statistically significant ( Figure 3C, Student's  t-test, P=0.2575) . Surprisingly, we observed the accumulation of IBA-1 positive cells beneath the RPE layer, as indicated by the nuclei location in the Z-stack and the green/red line that indicated the Z-stack scanning surface ( Figure 3D, 3E) . Figure 3D, 3E) . The cells detected in the TEM were associated with the observed thickened BrM (1.896±1.036 μm in the APP/PS1 group vs 0.916±0.195 μm in the NTG group). More importantly, we also found that the IBA-1 positive cells (red color for IBA-1) were co-stained with Aβ deposition (green color for 6E10) in the APP/PS1 mice ( Figure 3J, 3K) , which indicated that the IBA-1 positive cells contained Aβ peptides; however, not all of the Aβ depositions were surrounded or overlaid with microglia cells, as demonstrated in Figure 3L . 
RPE impairment in aged APPswePS1 transgenic mice
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DISCUSSION
In this study, we focused on the APP and the process product-Aβ depositions, and we investigated the effect of Aβ deposition in the RPE layer in APP/PS1 transgenic mice. We identified the expression of APP and the accumulation of Aβ depositions in the RPE layer, and we demonstrated RPE degeneration that was associated with microglia cells activation and accumulation in the RPE layer in aged APP/PS1 mice. In this study, we used APP/PS1 transgenic mice, which included a human APP with Swedish mutations (K595N/ M596L) and a mutant human presenilin 1 (PS1-dE9).
According to previous studies [35] [36] , overexpression of APP resulted in Aβ deposits in the brain at the age of approximately 6-7mo and in the retina at the age of approximately 12mo [8, 31] . In our research, RPE cells demonstrated a moderate expression of APP in the cytoplasm of the RPE sections, which was consistent with results reported by previously [31, 37] . We also found plaque-like Aβ deposits on the RPE flat mounts. Although other researchers had reported senile plaque or Aβ deposition in the retina [9] in AD transgenic mouse model, this study reported plaque-like Aβ depositions in the RPE layer on flat mounts from AD transgenic mice. As well-known, RPE cells differ from neuron cells, such as RGC, and RPE cells could phagocytose waste materials or debris originating from the outer segments of photoreceptor cells. It was interesting to recognize that Aβ peptides deposited on the outer segments layer in both human and mouse retinas [14] , and that Aβ plaques were also found in the photoreceptor outer segment layer [9] , which was also identified in our research (data not shown). These data indicated that the Aβ depositions observed on the RPE flat mounts might have come from photoreceptor cells. On the other hand, Yoshida et al [17] had suggested an RPE origin for Aβ peptides because of the expression of neprilysin and β-secretase [38] in RPE, which was supported by the fact that endoplasmic reticulum (ER) calcium disruption could induce Aβ accumulation in ARPE19 [39] . Taking these results into consideration, it would be interesting to investigate in further studies where the Aβ peptides/depositions in RPE cells originate. Furthermore, we identified RPE histopathological degeneration with the presence of vacuoles in addition to a shortening of the basal infoldings and basal deposits in aged APP/PS1 mice. These findings suggested that Aβ deposition could cause a degenerative change in RPE in transgenic mouse. Previous studies have pointed out that Aβ could induce oxidative stress in RPE cells [15] and in neurons [40] , and oxidative stresses were strongly related to RPE degeneration [41] [42] . Therefore, oxidative stress might be a potential intermediate candidate that was responsible for the RPE degeneration observed in aged APP/PS1 mice. Recently, Aβ had been reported to alter the expression of CRALBP and RPE65 in RPE both at the mRNA and protein levels [15, 17] . CRALBP and RPE65 were two important proteins in the visual cycle. These facts suggested that Aβ might alter the functioning of the visual cycle, and photoreceptor homeostasis might be impacted due to the disturbance of visual cycle, and all of these insults might ultimately result in losses of the photoreceptor outer segments in mice, and this indication needed a further work to support. In order to phagocytose the debris of the outer segments, the vacuoles increasing in the RPE cells suggested by our performed experiments might due to the process of digesting the debris, a conclusion supported by our TEM characterization in which we found vacuoles containing membranous material in RPE cells. Several studies have shown that Aβ directly affected the tight junction and adhesion [43] [44] . Furthermore, Bruban et al [15] have found that Aβ caused the tight junction disruptions, as indicated by an increasing trans epithelial permeability in RPE cells in both in vitro and in vivo contexts. Our experiments have shown the RPE morphological changes with irregular shapes, which was further highlighted with the disorganization of ZO-1; taken together, these facts strongly suggested that Aβ might be involved in modifying the tight junctions and cellular permeability in RPE cells, just as pointed out by another researcher [15] . In our work, however, there were no disruptions or missing segments of ZO-1 immunoreactivity in the borders of the RPE cells on the RPE flat mounts, indicating the possibility of undamaged RPE cells junctional integrity to some extent. The precise mechanisms relating to the observed Aβ-induced tight junction disruptions still remain unknown. As well-known, the presence of microglia infiltration plays a significant role in the inflammatory response caused by Aβ deposition and in the clearance or turnover of Aβ deposition in the brains of both humans and transgenic mice [40, 45] .
Microglia activation occurs early in the retina with retinal degeneration [46] . In AD transgenic mice, microglia cells infiltration has been detected coincidently with the appearance of Aβ deposition in the retinas [8] [9] 31] . In our experiments, we observed the accumulation of "dendritic-like" IBA-1 positive cells in the RPE layer on flat mounts in aged APP/PS1 mice. Considering IBA-1 as a microglia cell marker and that the location and appearance of these cells, we proposed they were microglia cells. Amazingly, we found that microglia cells were co-stained with Aβ depositions on RPE flat mounts. Our work supported that microglia might migrate in response to Aβ or Aβ-induced inflammatory factors, such as chemokine monocyte chemoattractant protein-1 (MCP-1) [31] , and might interact with Aβ in an internal attempt to remove it [47] [48] . More interestingly, we found a significant increase in microglia/macrophages cells infiltration beneath the RPE layer in the immunofluorescence and TEM tests. This result appears difficult to explain. Although the number of microglia cells increased on the RPE layer surface in aged APP/PS1 mice, they may be less capable of clearing waste material or Aβ deposits and appeared overloaded with debris and Aβ deposits [49] . As a result, more microglia cells were needed to be recruited in an attempt to maintain a homeostasis between the accumulation of Aβ deposits or cellular debris and their clearance, as pointed out by Hoh Kam et al [14] in aged mice.
The macrophages in choroid vessels, close to the RPE cell, would be perfect candidates for recruitment; however, if overrecruited, microglia cells might, in turn, caused RPE/BrM interface complex degeneration by inducing an inflammatory reaction [50] , which was supported by our findings of a thickened BrM and basal deposition in APP/PS1 mice. But we could not rule out the role that Aβ direct toxicity played in RPE/ BrM interface complex degeneration. Future studies should elucidate the relationship between microglia cells activation and RPE degeneration caused by Aβ depositions. In summary, the aged APP/PS1 mice investigated in this study demonstrated that Aβ deposition might cause the RPE degeneration that is associated with microglia cell infiltration on RPE flat mounts, which suggests that Aβ might play a critical role in RPE-related degenerative diseases, such as AMD. ACKNOWLEDGEMENTS Authors' contributions: Dong ZZ and Li J conceived of the study and experimental design and drafted manuscript. Dong ZZ and Li J carried out experiments. Gan YF, Sun XR and Leng YX helped experimental design, data analysis, and drafting manuscript. Dong ZZ initiated original idea for the study and steered data presentation and manuscript drafting and revision. Ge J and Li J funded the study, Ge J guided conceiving of the study and experiments, and helped data analysis, manuscript drafting and revision. All authors read and approved the final manuscript. 
